The spin dynamics of a resident carrier, hole or electron, in singly charged InAs/GaAs quantum dots has been measured by pump-probe experiments. The relative strength of the hole to the electron hyperfine couplings with nuclei is obtained by studying the magnetic-field dependence of the resident-carrier spin polarization. We find, in good agreement with recent theoretical studies, that the hole hyperfine coupling is ten times smaller than the electron one. © 2010 American Institute of Physics. ͓doi:10.1063/1.3394010͔
The spin of a carrier confined in a semiconductor quantum dot ͑QD͒ is considered as a good candidate for realizing quantum bits in the solid state. The hyperfine interaction ͑HI͒ of an electron spin with the nuclei spins has been identified as the most efficient mechanism of electron spin relaxation or decoherence in QDs at low temperature. [1] [2] [3] [4] The electron HI has a Fermi-contact character, due to the s-type Bloch function of an electron, and is then expected to be much more efficient than the HI of a hole, which has a p-type Bloch function. Recent theoretical studies have shown that, for a hole spin, the dipole-dipole HI term is the dominant one and leads to an anisotropic HI, in contrast to the isotropic electron HI. 5, 6 Moreover, the hole-nuclei interaction is far from being negligible and is predicted to be only one order of magnitude weaker than the electron-nuclei interaction in InAs QDs. Very recently, the first experimental evidences of the hole HI have been found, 7, 8 but its strength relative to the electron HI is a real question from an experimental point of view, whereas it is of prime importance for estimating not only decoherence times but also spin cooling rates. In this letter, we measure this relative strength by studying the magnetic-field dependence of the hole-and electron-spin polarizations obtained in p-doped and n-doped InAs QDs, respectively. Indeed, for both electron and hole, the HI can be modelized by a frozen effective nuclear field whose strength and direction vary from QD to QD. 2, 5, 6 In the absence of an external magnetic field, each spin optically prepared orthogonally to the plane of QDs precesses coherently around the local nuclear field. The average carrier spin polarization in the QD ensemble partially decays with a characteristic initial time T ⌬ e ͑T ⌬ h ͒ for electrons ͑holes͒, as a consequence of the random distribution of the local nuclear effective fields. 2, 6 When an external field is applied in the out-of-the-plane direction, the effect of the HI on the carrier spin polarization can be strongly reduced if this external field is larger than the dispersion of the in-plane fluctuations of the effective nuclear field. Then, the ensemble-average carrier-spin polarization shows a minimum in absence of an external field, and reaches a maximum for an applied magnetic field which depends on the HI strength. In such measurements, we obtain a good agreement with recent theoretical results.
The investigated samples are InAs/GaAs StranskiKrastanov structures grown by molecular beam epitaxy on a ͑001͒ GaAs substrate. The growth axis is denoted z. Two structures have been studied, containing p-doped or n-doped InAs QDs. They consist of 30 planes of InAs self-assembled QDs, separated by 38-nm-thick GaAs spacer layers. The QD areal density is about 10 10 cm −2 . A carbon delta-doping layer ͑nominal density ϳ2 ϫ 10 11 cm −2 ͒ located 2 nm below each QD layer was used to obtain p-doped QDs ͑sample I͒. The photoluminescence ͑PL͒ spectrum at 2 K is centered at 1.36 eV and has a half width at half maximum ͑HWHM͒ of about 15 meV. The second structure was n-modulation doped 2 nm below each layer with a Si-dopant density equal to 6 ϫ 10 10 cm −2 ͑sample II͒. The PL spectrum at 2 K shows a maximum at 1.32 eV and a HWHM of about 25 meV.
The electron or hole spin initialization has been the center of several recent studies. 7, [9] [10] [11] [12] Here we present pumpprobe experiments leading to all-optical initialization and read-out of resident carrier ͑hole or electron͒ spins. The photoinduced circular dichroism ͑PCD͒ has been measured by using a pump-probe experiment based on a picosecond mode-locked Ti:Sa laser described in Ref. 7 . In order to avoid the build-up of a dynamic nuclear polarization, 13 the pump beam polarization was + / − modulated at 42 kHz with a photoelastic modulator.
A four-level system representing the lowest-lying energy levels of an InAs QD containing a single hole ͑electron͒ is shown in Figs. 1͑a͒ and 1͑b͒ ͓Figs. 2͑a͒ and 2͑b͔͒, without and with an externally applied magnetic field. Several experiments have evidenced the mixed character of the hole states in self-assembled QDs ͑Refs. 14-16͒ which can arise from the anisotropic strain distribution in the QDs. Here, ⇑ and ⇓ denote the two mixed hole ground states. They can be written as linear combinations of pure heavy-hole ͑hh͒ ͉Ϯ3 / 2͘ and light-hole ͑lh͒ ͉Ϯ1 / 2͘ states, the relative weight of lh being ͉␤͉ 2 . 6,7 ↑ and ↓ denote the electron ground states.
↑⇑⇓ and ↓⇑⇓ represent the positively charged trion states ͑the first excited states in p-doped QDs͒, and ↑↓⇓ and ↑↓⇑ represent the negatively charged trion states in an n-doped QD. The mixed character of the hole states is at the origin of diagonal relaxation channels, as represented in Figs. 2͑a͒ and 2͑b͒ by a transition connecting the ↑↓⇑ and ↓ states ͓a transition also exists between the ↑↓⇓ and ↑ states, although not shown in Figs. 2͑a͒ and 2͑b͔͒. Such diagonal decays exist in p-doped QDs as well; they are not represented in Figs. 1͑a͒ and 1͑b͒, because they play a negligible role in the hole spin initialization.
11,17
The spin initialization of the resident carriers can be obtained by an optical pulsed excitation, resonant with the trion transition.
In the case of p-doped QDs, after a + -polarized excitation, a ↓⇑⇓ trion is created. The efficient electron-nuclei HI leads to a coherent coupling of both electron spin projections during trion lifetime T R = ⌫ −1 , so that the ↓⇑⇓ can flip to state ↑⇑⇓ ͓cf. Figs. 1͑a͒ and 1͑b͔͒ . After emission of a circularly polarized − photon, the resident spin is in state ⇑ , leading to a hole spin polarization. This hole spin cooling is particularly efficient if the hole HI which couples coherently the two hole spin ground states is a less efficient mechanism than the electron HI ͑T ⌬ e Ӷ T ⌬ h ͒, with comparable lifetime and electron dephasing time
The decay of the ͑2 K͒ PCD signal, obtained when the pump and probe beams are tuned at the trion transition of the p-doped QDs, is shown in the inset of Fig. 1͑c͒ . Without an applied magnetic field, we observe a nonzero PCD signal at negative pump-probe delays, indicating that the hole-spin polarization is not fully relaxed within the T L = 13 ns repetition period of the laser. This long-living PCD signal is unambiguously associated to the spin polarization of the resident holes, since T R = 800 ps, 7 and increases when a Faraday magnetic field is applied ͑i.e., the field is parallel to the propagation direction of the pump beam, along z͒. This applied field is low enough to negligibly screen the electronnuclei HI but high enough to screen the hole-nuclei interaction ͓cf. Fig. 1͑b͔͒ . Figure 1͑c͒ shows the magnetic-field dependence of the spin polarization signal, i.e., the PCD signal at negative pump-probe delays. The HWHM is equal to ⌳ h = 2.5 mT.
For n-doped QDs, under a circularly polarized + pump, a trion ↓↑⇑ is created ͓cf. Figs. 2͑a͒ and 2͑b͔͒. At zero field, two following processes are possible with comparable efficiency: ͑i͒ spin-flip between the ⇑ and ⇓ states via the hole HI, and ͑ii͒ diagonal transitions associated to the hole mixing, with an emission rate ␥. Compared to the p-doped QDs, the initialization of the resident electrons in n-doped QDs does need the participation of a diagonal transition. 9 The inset of Fig. 2͑c͒ shows the time-dependence of the PCD signal obtained when the pump and probe beams are tuned at the trion transition of the n-doped QDs. 18 We underline that, in contrast to the p-doped QDs, the PCD signal at negative delays is nearly equal to zero without magnetic field. This means that the initialization of the electron spin is not an efficient process at zero field because the electron HI leads to a very efficient dephasing mechanism ͑T ⌬ e Ӷ T L ͒.
3 Figure 2͑c͒ shows the magnetic-field dependence of the PCD signal at negative delays. Though the signal shape is very similar to the one obtained for p-doped QDs, note the very different field scales in Figs. 1͑c͒ and 2͑c͒ . Figure 2͑c͒ with a HWHM equal to ⌳ e = 47 mT, shows that the spin initialization of resident electrons is achieved, as in Ref. 9 , when a Faraday magnetic field B is applied. As discussed before, such a field screens the hole spin HI ͑B ӷ⌳ h ͒ so that the electron spin initialization is only induced by the diagonal transition.
A quantitative determination of the relative strength of the electron and hole HI can be obtained by using recent models which describe the interconnected hole and electron spin dynamics in p-or n-doped QDs, under a periodic pulsed excitation. 17, 19 The PCD signal at negative delay is proportional to the resident spin polarization. For p-doped QDs, hh-lh mixing is relevant for the hole spin relaxation processes and has been neglected in the optical selection rules due to its minor contribution. For n-doped QDs, due to the role of the diagonal transition, we took into account all the optical transitions allowed by the hh-lh mixing. Note that the field dependence of the PCD signal at negative delays is, mainly, determined by the hh-lh mixing and resident spin parameters as the dephasing time and the Landé factor. We took a typical value of ͉␤͉Ϸ0.4, as estimated recently in the literature. [14] [15] [16] By using the mentioned models, we have fitted the PCD signal at negative delay versus magnetic field for both samples ͓cf. Figs. 1͑c͒ and 2͑c͔͒ keeping the same parameters. The fitting parameters are, respectively, T ⌬ h = 11 ns and g h = 1.5 for the hole, and T ⌬ e = 800 ps and g e = −0.8 for the electron. One can remark that the relation between the experimental HWHM ⌳ e and ⌳ h and the carrier spin parameters, ͉͑g e ͉⌳ e T ⌬ e ͒ / ͑g h ⌳ h T ⌬ h ͒Ϸ1, is verified, in agreement with the frozen nuclear field model. Moreover, from the values of the dephasing times, one estimates the HI strength ratio T ⌬ h / T ⌬ e = 14 in agreement with theoretical calculations. 6 In conclusion, we have performed pump-probe experiments in p-doped and n-doped QDs leading to the initialization and the read out of the resident carrier spins. The initialization of hole spins is accomplished via the electron-nuclei hyperfine coupling. By comparison, the initialization of resident electrons is clearly obtained only when an external magnetic field is applied in Faraday configuration, and needs the presence of a quasiforbidden diagonal transition associated to hole mixing. The study of the magnetic-field dependence of the carrier spin polarization gives us the relative strength of the hole to the electron hyperfine couplings, which is in good agreement with recent theoretical studies.
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